The effects of dissolved oxygen (DO) and pH on nitrous oxide (N 2 O) production rates and pathways in autotrophic partial nitrification (PN) granules were investigated at the granular level.
Introduction
Nitrogen removal from wastewater via a combination of partial nitrification (PN) and anaerobic ammonium oxidation (anammox) processes has recently drawn attention as an alternative to Therefore, this technology enables low cost removal of nitrogen from wastewater while using little energy (Kartal et al., 2010) . In addition, use of granular sludge and biofilm for PN instead of activated sludge flocs has attracted attention because of good sludge settleability, long-term retention of slow-growing nitrifying bacteria in a reactor and high specific nitrification rate (Zheng et al., 2005) .
Nitrous oxide (N 2 O) can be produced in PN granular sludge processes, which poses a significant threat to the ozone layer (Desloover et al., 2012) and is an important greenhouse gas that has a global warming potential about 300 times greater than that of CO 2 . N 2 O emissions were higher in a PN reactor than a full nitrifying reactor (Wei et al., 2014) , probably owing to high nitrite (NO 2 -) concentrations and dissolved oxygen (DO) The N 2 O emission factors range from 1.5% of the ammonium (NH 4 + ) oxidized ) to 19% of the nitrogen oxidized and pilot-scale anaerobic-anoxic-oxic (A2O) reactors (Furuya et al., 2013) . Moreover, N 2 O emissions were strongly dependent on pH in a highly enriched culture of AOB in a nitritation system fed with synthetic anaerobic digester liquor (Law et al., 2011) .
In granular sludge, a steep concentration gradient is created towards the deeper part of the granule because the microbial density of granules is very high (Okabe et al., 2011b) . As a result, the physicochemical parameters in the deeper parts of the granule are significantly different from those in the bulk liquid Song et al., 2013) and stratified distribution of microorganisms is created over a granule (Ishii et al., 2014 
Materials and Methods

Batch experiments
Batch experiments were carried out using PN granules sampled from previously developed and DO and the pH of the liquid samples and N 2 O concentration in the gaseous samples were 
Microbial community structure in PN granules
Microbial community structure was analyzed by 16S rRNA gene amplicon deep sequencing conducted using the MiSeq technology (Illumina, Hayward, CA). Briefly, genomic DNA was extracted from the PN granules (n=3) using a PowerSoil DNA Isolation kit (MoBio Technologies, Carlsbad, CA). The partial 16S rRNA gene sequences including the V3 and V4 regions were then amplified using primers Bakt_341F and Bakt_805R (Herlemann et al., 2011) with Illumina overhang adaptor sequences attached to their 5′ ends (Table S1 ). The reaction mixture (25 µL) contained 1× KAPA HiFi HotStart ReadyMix (Kapa Biosystems), 0.2 μM of each primer, and 2 μL of template cDNA. Polymerase chain reaction (PCR) was performed using a Veriti thermal cycler (Applied Biosystems, Foster City, CA) to subject the samples to the following conditions:
initial annealing at 95°C for 3 min, followed by 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. Twenty-five cycles of PCR were confirmed to be necessary and sufficient to reach the log-linear phase based on quantitative PCR analysis conducted using a KAPA SYBR Fast qPCR kit (Kapa Biosystems) and the Bakt_341F and Bakt_805R primers. The amplicons with Illumina overhang adaptor sequences were then purified using a LaboPass PCR Purification Kit (COSMO Genetech, Seoul, Korea), after which they were quantified with PicoGreen dsDNA quantification reagent (Molecular Probes, Eugene, OR, USA). The Illumina sequencing adaptor and index tag sequences were added to the amplicons using a Nextera XT Index kit (Illumina)
according to the manufacturer's instructions, after which the resulting amplicons were purified using an AMPure XP kit (Beckman Coulter). Amplicons from triplicate samples were pooled in equal amounts and then purified again using a GeneRead Size Selection Kit (Qiagen). The resulting DNA was mixed with Phi X control DNA and employed as a template for paired-end sequencing using the MiSeq Reagent Kit v2 (500 cycles) and a MiSeq sequencer (Illumina).
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Sequence reads from triplicate samples were analyzed using QIIME 1.8.0 (Caporaso et al., 2010) with the Silva 119 database. Representative sequences related to AOB were used to construct a phylogenetic tree based on the maximum-likelihood method using MEGA version 5 ( Tamura The effects of DO concentration on N 2 O production pathways (NH 2 OH oxidation or denitrification (i.e., nitrifier and heterotrophic denitrification)) in the PN granules were investigated using ATU as an inhibitor for aerobic ammonia oxidation. When the DO concentration was 0.6 mg L −1 , NER via nitrification was comparable to that via denitrification ( Figure 1C) . However, the NER via nitrification increased as the DO concentration increased. In contrast, the NER via denitrification was almost unchanged with increasing DO concentration.
Plotting the NERs obtained from all batch tests against the corresponding AORs revealed a positive correlation (r 2 = 0.71) between these two parameters at AOR ranging from 0 to 20 mg-N The effects of pH on AOR and NER were investigated at DO 1.1 mg L −1 based on the results from the batch tests described above. The NER at pH 7.5 (0.15 ± 0.02 mg-N g-VSS −1 h −1 ) was highest between pH 6.5 and 8.5 ( Figure 3B) . The relative fraction of N 2 O emissions over the oxidized ammonia was also higher at pH 7.5 (2.5%) than at pH 6.5 (0.80%) and 8.5 (0.80%). In contrast, AOR were relatively constant between pH 6.5 and 8.5. Thus, there was no trend between AOR and NER (Figure 2 ).
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The effects of pH on the N 2 O production pathways in the PN granules were further investigated using 10 mg L −1 of ATU as an inhibitor for aerobic ammonia oxidation. The NERs via nitrification were higher than those via denitrification at all tested pH values ( Figure 3C) .
Moreover, these values were highest at pH 7.5 (0.10 ± 0. and consequently an increase in N 2 O reducing activity, resulting in a decrease in NER via denitrification ( Figure 3C ).
Bacterial community structure in PN granules
The 16S rRNA gene deep sequencing analysis was conducted to examine the bacterial community structure in the PN granules, and a total of 290,157 sequences was obtained from triplicate samples (see Table S2 Rhodocyclales were also detected, but their abundances were low (11.5%).
Microsensor measurements
The Higher in situ N 2 O production was observed in the surface oxic layer of granules at pH 7.5 than at pH 6.5 and 8.5 ( Figure 5D ), which is consistent with the results of the batch experiments ( Figure   3 ). The pH decreased slightly in the surface oxic layer owing to active ammonium oxidation ( Figure 5C ). Unlike the results of DO, the change in pH of the bulk liquid resulted in changes in pH throughout the granule. Therefore, changes in pH might affect N 2 O production by both nitrification in the outer parts and denitrification in the inner parts of the granule (Figure 3) . showing in situ spatial distribution of AOB (magenta) and other bacteria (blue) after fluorescence in situ hybridization using a Cy5-labeled EUB338 mix probe and TRITC-labeled Nso1225 probe.
(For interpretation of the colors in this figure, see the web version of this article.) Table S1 . Primers used in this study. 
